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Phytochromes are red/far-red light receptors that
function in photomorphogenesis of plants. Photoiso-
merization of phytochrome by red light leads to its
translocation to the nucleus, where it regulates
gene expression. We examined whether phyto-
chrome is phosphorylated in response to light, and
we report that phytochrome B (phyB)’s N terminus
contains a region with a number of phosphoserines,
threonines, and tyrosines. The light-dependent
phosphorylation of tyrosine 104 (Y104) appears to
play a negative role in phyB’s activity, because a
phosphomimic mutant, phyBY104E, is unable to com-
plement any phyB-related phenotype, is defective in
binding to its signaling partner PIF3, and fails to form
stable nuclear bodies even though it retains normal
photochemistry in vitro. In contrast, plants stably ex-
pressing a nonphosphorylatable mutant, phyBY104F,
are hypersensitive to light. The proper response to
changes in the light environment is crucial for plant
survival, and our study brings tyrosine phosphoryla-
tion to the forefront of light-signaling mechanisms.
INTRODUCTION
The light-dependent development of plants involves the com-
bined action of several photoreceptor systems. These include
the red/far-red absorbing phytochromes, the blue/ultraviolet
A-absorbing cryptochromes and phototropins, and distinct
UV-B light receptors. Among these photoreceptors, the phyto-
chromes are the most studied (Leivar and Quail, 2011; Nagatani,
2010), and their mode of action is the subject of this paper.
Plant phytochromes are encoded by a small gene family
(PHYA-PHYE in Arabidopsis) and are essential for all major
developmental transitions. They also fine-tune vegetative devel-
opment by influencing gravitropism and phototropism, and
mediating the shade-avoidance response (Iino, 2006; Kutschera
and Briggs, 2012; Ruberti et al., 2012). Higher plant phyto-
chromes are soluble chromoproteins that exist as homo- or het-
erodimers of two 125 kD polypeptides, each with a covalently
attached linear tetrapyrrole chromophore that is responsible1970 Cell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authorsfor light absorption. The pigment-protein can undergo a revers-
ible photo-induced conversion between two long-lived spec-
trally and biochemically distinct forms: a red-absorbing form,
Pr (lmax = 660 nm), and a far-red-absorbing form, Pfr (lmax =
730 nm). The mode of action of phytochrome is best character-
ized for dark-grown seedlings that have been irradiated with low
fluences of red light, which converts Pr to Pfr and concomitantly
causes the induction of several responses, including the
transcriptional activation of nuclear genes. Because these re-
sponses can be canceled by a pulse of far-red light, which
photoconverts Pfr back to Pr, it is generally believed that phyto-
chromes function as molecular light switches, with Pfr as the
‘‘on’’ state (Hendricks, 1960).
The strength of a phytochrome signal is controlled by the
amount of Pfr that is available in the nucleus. Thus, the ratio of
Pfr/Ptotal is carefully monitored by the plant, with several post-
translational mechanisms regulating the levels of Pfr. In the
dark, phytochromes are synthesized as Pr and maintained in
the cytoplasm. Upon exposure to red light, Pr is converted
to Pfr, which is translocated to discrete domains in the
nucleus called nuclear bodies or photobodies (Chen and Chory,
2011). In the nucleus, Pfr interacts directly with transcription
factors of the basic helix-loop-helix (bHLH) subfamily, called
PHYTOCHROME INTERACTING FACTORS (PIFs). Phyto-
chrome association with PIFs leads to their phosphorylation
and degradation, although the kinase(s) that phosphorylates
PIFs is still unknown (Al-Sady et al., 2006; Lorrain et al., 2008).
In the case of phytochrome A (phyA), photoconversion to Pfr
also leads to its degradation; however, for other phytochromes,
photoconversion to Pr or the slower nonphotochemical process
of dark reversion of Pfr to Pr plays a significant role in attenuating
the light response.
Phosphorylation of phytochrome has been proposed as an
additional mechanism for attenuating phytochrome signaling.
Almost 30 years ago, it was reported that purified Avena sativa
(oat) phyA is a phosphoprotein and the major phosphorylated
residues are serines (S8, S18, and S599; McMichael and
Lagarias, 1990; Wong et al., 1986). These studies were later
confirmed in vivo for S8 and S599 (Lapko et al., 1997, 1999).
S8 is constitutively phosphorylated, whereas S599 is phosphor-
ylated in a light-dependent manner. In addition, it was reported
that an N-terminal serine-rich domain, which includes S8, regu-
lates the light response and localization of phyA (Casal et al.,
2002). Finally, a mutation in phyA (phyAS599A) that is unable to
Figure 1. Predicted Phosphorylation Sites on phyB by Mass Spec-
trometry Analysis
(A) Top panel: the full-length A. thaliana phyB structure. The N-terminal half is
separated into four regions designated the N, PLD, GAF, and PHY domains.
Two PAS domains and histidine kinase-related domain (HKRD) are located in
the C-terminal half. Star: chromophore-binding site. The graphs depict the
frequency of predicted phosphorylation bymass spectrometry analysis before
(0 hr) and after (6 hr) white-light treatment. The gray box indicates putative
light-dependent phosphorylation cluster in the N terminus. Bottom graph:
enlarged 70–130 aa region of 6-hr-exposed phyB. Six groups of putative sites
(S84,S86, T89–T91, S94,S95, Y104, S106, and Y113) are indicated. See also
Figure S1 and Table S1.
(B) Comparison of the PCSM motif in phytochromes from various species.
Alignment of amino acid sequences was calculated with ClustalW software.
Phosphorylation sites S84,S86, T89-T91, Y104, and S106 are indicated. Gray
box indicates bacterial phytochromes.be modified by light is hypersensitive to light, and constitutive
phosphorylation on S599 interferes with phyA’s interaction with
PIF3 (Kim et al., 2004). These studies suggest that phosphoryla-
tion on S599 negatively regulates oat phyA by interfering with
binding to its signaling partner. In addition, oat phyA can interact
with protein phosphatases (FyPPs, PAPP5, and PAPP2C), which
enhance phytochrome signaling through the dephosphorylation
of phosphoserines (Farkas et al., 2007; Kim et al., 2002; Phee
et al., 2008; Ryu et al., 2005).
Here, we purified phytochrome B (phyB) complexes before
and after light treatments, examined the phosphorylation of
phyB, and determined that phyB possesses a 23 amino acid
region, the phosphorylation cluster of signaling modulation
(PCSM)motif, in its N terminus. PCSM is phosphorylated onmul-
tiple amino acids when plants are exposed to light. In addition to
serines and threonines, PCSM contains a phosphotyrosine,
Y104, whose light-dependent phosphorylation results in a loss
of robust binding of phyB to PIF3. Our data suggest that phos-
phorylation of tyrosine 104, a conserved residue in phyto-
chromes from algae to higher plants, is a fundamental regulatory
mechanism for attenuating phyB signaling.
RESULTS
Identification of Phosphorylated Amino Acids in the
N Terminus of phyB
The role of phytochromes in seedling emergence is well under-
stood. As such, we designed our experiments using Arabidopsis
seedlings germinated and grown for 4 days in the dark (etiolated),
and then transferred these seedlings to continuous white light for
6 hr. To purify phyB complexes after these treatments, we used
transgenic Arabidopsis expressing phyB-CFP in a phyB-9 null
mutant background as our source of material. Following growth
under these conditions, phyB-CFP was purified by anti-GFP
affinity column chromatography. Immunopurified phyB-CFP
was digested by trypsin and subjected to liquid-chromatography
tandem mass spectrometry analysis. We were able to obtain
98.6% and 96.5% sequence coverage of phyB peptides from
dark-grown (0 hr) and light-exposed (6 hr) samples, respectively.
The high sequence coverage indicated that a survey of the phos-
phorylation sites of phyB was possible. We counted the pre-
dicted phosphorylation sites and graphed the frequency of the
phosphorylated residues on phyB (Figure 1A). These graphs re-
vealed that phyB is phosphorylated throughout the protein in
both dark and light conditions. However, there was a region at
the N terminus, from amino acids 80 to 120, that was phosphor-
ylated preferentially after light exposure. Putative light-regulated
phosphorylation sites were identified at positions S84, S86, T89,
T90, T91, S94, S95, Y104, S106, and Y113 of Arabidopsis phyB
(Figures 1A, bottom, and S1A; Table S1). These candidate sites
were grouped into six clusters (S84-S86, T89-T91, S94-S95,
Y104, S106, and Y113; Table 1).
We then asked whether phosphorylation-site mutant phyBs
could rescue an Arabidopsis null mutant, phyB-9, by stably
expressing either wild-type (WT) or mutant versions of phyB
fused to mCitrine, a fluorescent protein. We used site-directed
mutagenesis to generate two types of phosphosite mutations.
To block phosphorylation, we substituted the serine or threonineCwith alanine, or substituted tyrosinewith phenylalanine (hereafter
called nonphospho mutants). To mimic a constitutively phos-
phorylated site, we substituted with a negatively charged aspar-
tate or glutamate (phosphomimic mutants). Because phyB
signaling is known to be dose dependent, all of the transgenes
were expressed from PHYB’s native promotor to ensure physio-
logical levels of phyB protein (Figures S1B and S1C).ell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authors 1971
Table 1. Biological Activity of Mutant phyBs
Mutant Red/Dark (%) Complementation
S84,S86A 41 +
S84,S86D 87 
S84,S86E 75 
T89-T91A 48 +
T89-T91D 78 
T89-T91E 78 
S94,S95A 45 +
S94,S95D 64 +
S94,S95E 52 +
Y104F 45 +
Y104D 92 
Y104E 97 
S106A 55 +
S106D 72 
S106E 71 
Y113F 53 +
Y113D 38 +
Y113E 54 +
Col-0 55
phyB-9 91
WT 55 +
Each line was grown under dark or under 1 mE/m2/s of red light for 4 days.
The hypocotyl length in red light was divided by that in the dark, and the
ratio (%) of the average length is indicated (red/dark). Results of the
complementation test are indicated (+, complements; , does not com-
plement). See also Figures S1B, S1C, and S2.To quantify the response to light, we chose two representa-
tive lines with similar levels of phyB protein compared with the
WT for each transgenic construct (Figure S1C). In red or white
light, the length of the primary stem (the hypocotyl) is inversely
correlated with the amount of phyB signaling. Thus, we mea-
sured hypocotyls to evaluate the biological activity of mutant
phyB proteins (Figure S2). When WT phyB was expressed
from the PHYB promoter as an mCitrine fusion protein, the
hypocotyls of light-grown plants (WT-1 to WT-6) grown in
continuous red light were about half as long (50%) as hypo-
cotyls from etiolated seedlings (normalized to 100%). This
degree of response is similar to that observed for the isogenic
WT Columbia-0 (Col-0), which contains no transgene. A phyto-
chrome was considered to have reduced function if the ratio of
hypocotyl length in red light was >70% of that of etiolated con-
trols (Figure S2; Table 1).
Hypocotyls in lines expressing phyB with phosphomimic
mutations of S84,S86, T89-T91, and S106 (phyBS84,S86D,
phyBS84,S86E, phyBT89-91D, and phyBT89-91E phyBS106D
phyBS106E) had longer hypocotyls than phyBWT expressing lines
under red light, suggesting that they were not fully functional,
whereas nonphosphorylatable mutants of S84,S86, T89-T91,
and S106 (phyBS84,S86A, phyBT89-91A, and phyBS106A) were able
to quantitatively complement phyB-9’s hypocotyl phenotype to
a similar extent as phyBWT expressing lines (Figure S2; Table 1).1972 Cell Reports 3, 1970–1979, June 27, 2013 ª2013 The AuthorsPhosphomimic mutants of Y104 (phyBY104D and phyBY104E) had
a severe phenotype in red light similar to that of phyB-9
(Figure S2; Table 1), suggesting that phosphorylation at Y104
may render phyB inactive in signaling. In contrast, the nonphos-
pho mutant phyBY104F could rescue phyB-9. Transgenic lines
expressing nonphospho- or phosphomimic phyB mutants of
S94, S95, and Y113 (phyBS94,S95A, phyBS94,S95D, phyBS94,S95E,
phyBY113F, phyBY113D, and phyBY113E) were able to complement
the hypocotyl phenotype (Figure S2; Table 1), suggesting that
phosphorylation of these residues did not play a strong role in
phyB signaling.
Our complementation tests revealed that phosphomimic
mutants of S84,S86, T89-T91, Y104, and S106 impaired normal
light response during seedling emergence. We designated the
region defined by amino acids 84–106 as the phosphorylation
cluster of signaling modulation (PCSM) motif, and compared
the PCSM motif of Arabidopsis phyB (S84-S106) with those of
other organisms (Figure 1B). The alignment indicates that
S84,S86 and Y104 are conserved in phytochromes from green
algae to higher plants. T89-T91 and S106 are conserved among
all sequenced phyBs, but are found only in a few other phyto-
chromes. Notably, the PCSM motif is absent in bacterial
phytochromes (Figure 1B, gray box). Because phosphomimic
mutants of Y104 appeared to affect phyB function to the great-
est extent, we focused on the role of phosphorylation of this
tyrosine.
A phyBY104E Phosphomimic Mutant Has No Detectable
Light-Signaling Activity
To obtain more detailed information about the Y104mutants, we
investigated other phyB-related phenotypes. Figure 2A shows
7-day-old seedlings grown under long-day conditions. Trans-
genic Arabidopsis expressing phyBWT or a nonphospho mutant,
phyBY104F, could rescue seedling phenotypes caused by the
loss-of-function of phyB activity in the phyB-9 allele. Conversely,
a phosphomimic mutant, phyBY104E, has a phenotype similar to
that of the phyB-9mutant. To quantify the loss of red-light sensi-
tivity of the Y104 mutants, we performed a fluence response
experiment (Figure 2B). phyBWT-expressing lines (WT-2 and
WT-4) had a fluence response comparable to that of WT Col-0.
As expected, phyBY104E did not complement the phyB-9mutant
in the range of red-light fluence rates that we tested. In contrast,
phyBY104F was hypersensitive to red light.
During later stages of development, we observed the same
trend (Figures 2C, S3A, and S3B). Expression of phyBWT (PPHYB:
PHYB-mCitrine) complemented both the pale-green and early-
flowering phenotypes of phyB-9. In contrast, phosphomimic
mutants expressing phyBY104E failed to rescue the later develop-
mental phenotypes of phyB-9, whereas phyBY104F had a dwarf
phenotype similar to that caused by phyBWT overexpression
(P35S:PHYB-CFP; Figure 2C). This suggests that phyB
Y104F is
hyperactive in comparison with phyBWT (since these lines had
lower protein levels than WT). Overexpression of phyBY104E
from the 35S promoter was also unable to rescue phyB-9
(Figures S3C–S3F), suggesting that the phosphomimic mutant
phyBY104E lacks phyB activity in vivo. In contrast, a nonphospho
mutant, phyBY104F, possessed enhanced activity compared with
phyBWT.
Figure 3. Y104 on phyB Is Phosphorylated in a Light-Dependent
Manner
(A) phyB-YFP was purified from etiolated seedlings (D) of phyBWT (WT) and
phyBY104F (Y104F) overexpressor lines and exposed to 3 hr of white light (L),
and then detected by anti-phosphotyrosine antibody (a-phospho-Y) and anti-
GFP antibody (a-GFP). phyB-9 was used as a negative control.
(B) Graph indicating relative values of the band intensities of phosphotyr-
osine. The data were derived from three independently performed experi-
ments. For comparison of each blot, the values were normalized by the
value from etiolated seedlings of phyBWT. Error bar is SD; p values were
calculated.
Figure 2. phyBY104F Cannot Complement phyB-9 Null Mutant
(A) Seedlings grown under the long-day condition with white light for 7 days.
Col-0; phyB-9; WT, expressing phyBWT; Y104F, nonphospho mutant
phyBY104F; Y104E, phosphomimic mutant phyBY104E.
(B) Hypocotyl measurement under different red-light intensities. Two repre-
sentative transgenic lines were analyzed from each line. Col-0; phyB-9; WT,
expressing phyBWT; Y104F, nonphospho mutant phyBY104F; Y104E, phos-
phomimic mutant phyBY104E. Error bar is SE (n = 30).
(C) Thirty-day-old plants of phospho mutants of Y104, grown under long-
day conditions. Col-0; phyB-9; P35S::PHYB-CFP, phyB-CFP overexpressor;
native promotor lines (PPHYB::PHYB-mCitrine) of WT, expressing phyB
WT;
Y104F, nonphospho mutant phyBY104F; Y104E, phosphomimic mutant
phyBY104E.
See also Figure S3.phyB Y104 Is Phosphorylated in a Light-Dependent
Manner
Our original mass spectrometry analysis suggested that the
PCSM motif of phyB is phosphorylated in a light-dependentCmanner. We investigated the light dependency of phosphoryla-
tion of Y104 (Figure 3). phyBWT-YFP was purified from etiolated
and 3-hr-light-exposed seedlings, and detected with the use of
commercially available anti-phosphotyrosine antibodies (Fig-
ure 3A, WT). In phyBWT, phosphotyrosines were detected in
both etiolated and light-exposed seedlings; however, the
amount of phosphotyrosine was increased after light exposure,
indicating that some tyrosine(s) on phyBWT was phosphorylated
in a light-dependent manner. Although we tried repeatedly to
make an antibody specific to the sequence around Y104, we
were unable to obtain such an antibody. Therefore, to determine
whether one of the differentially phosphorylated tyrosines was
Y104, we analyzed the phosphotyrosine content of phyBY104F
(Figure 3A, Y104F). In contrast to phyBWT, the phosphotyrosine
of phyBY104F was not significantly changed after light exposure.
This assay was repeated three times and is shown as a ratio of
phosphotyrosine to GFP signal (Figure 3B). A two-tailed t test re-
vealed that phosphotyrosine levels were increased by 1.66-fold
after light exposure in phyBWT, but not in phyBY104F. Therefore,
we concluded that phyB Y104 is rapidly phosphorylated after
light exposure.ell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authors 1973
Figure 4. phyBY104E Mutants Cannot Interact with PIF3
In vitro pull-down assay of Y104 mutants with PIF3. Input panel indicates
the protein levels of GST-PIF3 and phyB-FLAG (phyBWT, phyBY104F, and
phyBY104E) in the in vitro translation system. The pull-down fraction indicates
the interaction of each phyB with PIF3 under far-red (F) and red (R) light. The
protein complex was precipitated by GST tag. See also Figure S4.
Figure 5. Subcellular Localization of phyBY104E
(A–C) Localization of phyB-mCitrine was observed in cotyledons of 7-day-old
seedlings grown under (A) the long-day condition (16 hr light/8 hr dark), (B)
continuous white light (24 hr light), and (C) continuous white light, and then
transferred to the dark for 10min (24 hr light + 10min dark). Enlarged images of
the nuclei are indicated. Scale bar = 50 mm. See also Figure S5.
phyBY104E Abolishes phyB’s Interaction with PIF3
How does phosphorylation of Y104 inactivate phyB signaling?
To investigate a possible mechanism, we assessed several
known modes of regulation for phyB, including its translocation
to the nucleus, interactions with PIFs, localization to nuclear
bodies, protein stability, and rate of dark reversion (Castillon
et al., 2007; Kevei et al., 2007). We used an in vitro pull-down
assay to analyze the interaction of phyBWT or mutant phyBs
with the bHLH transcription factor PIF3, a well-known binding
partner of phytochromes after red or far-red light treatments
(Ni et al., 1999). As previously reported (Al-Sady et al., 2006; Ni
et al., 1999), phyBWT specifically interacted with PIF3 after a
red-light treatment (Figure 4). phyBY104F also bound PIF3 in a
light-dependent manner, although the affinity was lower than
phyBWT. However, phyBY104E completely abolished the light-
dependent binding activity to PIF3.
phyB Y104 is conserved in nonbacterial phytochromes (Fig-
ure 1B). In Arabidopsis phyA, Y70 is equivalent to phyB Y104.
We analyzed the binding activity to PIF3 and complementation
with phospho mutants of Y70 in a phyA-211 null mutant back-
ground (Figure S4). Similar to our results with phyB, phyAY70F
still possessed PIF3-binding activity and was able to rescue
the phyA-211 hypocotyl phenotype in far-red light. However,
phyAY70E lacked binding activity to PIF3 and was unable to1974 Cell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authorsrescue phyA-211. Our observations suggest that Y70 of phyA
plays a role equivalent to that of Y104 of phyB.
Nuclear Bodies of phyBY104E Are Unstable in the Dark
Phytochromes are synthesized in the cytoplasm and after light
exposure they are translocated into the nucleus, where they
form nuclear bodies (Chen et al., 2003; Kircher et al., 1999;
Yamaguchi et al., 1999). We next determined the localization
and nuclear body formation of phospho mutants of Y104, which
again was assessed as a fusion protein to mCitrine. The seed-
lings were grown under long-day conditions (16 hr white light/
8 hr dark) for 7 days and monitored by confocal microscopy.
Both phyBWT-mCitrine and phyBY104F-mCitrine localized to the
nucleus and associated with nuclear bodies (Figure 5A), as pre-
viously reported for phyBWT (Chen et al., 2003; Kircher et al.,
1999; Yamaguchi et al., 1999). In contrast, phyBY104E-mCitrine
localized to the nucleus but did not associate with nuclear bodies
under these cycling light conditions. When the plants were
grown under continuous white light for 7 days, phyBY104E was
localized to nuclear bodies just like phyBWT (Figure 5B); however,
phyBY104E was unable to rescue the phenotype of a phyB null
Figure 6. phyBY104E Possesses Normal
Photochemical Properties
(A) phyBWT and phyBY104E were expressed and
purified as a native protein. Purified phyBs were
stained by Coomassie brilliant blue. Arrow in-
dicates phyB protein.
(B) Spectra of phyBWT and phyBY104E. Purified
phyBs were exposed to each light condition for
5min followed by dark treatment, and their spectra
weremeasured (500–800 nm). Top panel: phyBWT.
Bottom panel: phyBY104E. F, far-red light; R, red
light; R toD10, red+dark for 10min;R toD30, red+
dark for 30min; R toD60, red+dark for 60min; R to
D180, red + dark for 180 min; R to F, red following
far-red light exposure. The peaks of the Pr form
(650 nm) and Pfr form (710 nm) are indicated.
(C) Graph showing the remaining Pfr form of phyB
after a 30-min-dark treatment. Spectra of both
phyBWT and phyBY104E were repeatedly measured
five times in the dark for 30 min after red-light
exposure. The integrated values from 701 nm to
720 nm are normalized to red-light-exposed
samples. WT, phyBWT; Y104E, phyBY104. Error
bar is SD.
(D) EOD-FR treatments of WT and phospho
mutants of phyB. Seedlings were grown under the
10 hr light/14 hr dark cycling condition for 4 days.
For EOD-FR treatment, seedlings were exposed
to far-red light for 15 min at the end of light period
(gray) and compared with nontreated seedlings
(white). The ratio of effect (+FR/FR) is indicated
on the right (diamond). Error bar is SE (n = 30).
See also Figure S6.mutant in either growth condition. These results suggest that the
behavior of phyBY104E is different during light/dark cycles, or that
phyBY104E behaves differently from WT phyB in the dark. In
support of the latter notion, the nuclear bodies of phyBY104E
disappeared after only 10 min of dark treatment (Figure 5C,
Y104E), whereas phyBWT remained localized to nuclear bodies
(Figure 5C, WT). One possible explanation for the rapid disap-
pearance of phyBY104E in nuclear bodies could be lower protein
stability of phyBY104E in the dark. However, the relative protein
levels of phyBWT, phyBY104F, and phyBY104E did not change
significantly during the dark period (Figure S5). Therefore, we
conclude that there is no general defect in phyBY104E protein
stability.
phyBY104E Has Normal Photochemistry In Vitro
Wenext hypothesized that phosphorylation might affect the dark
reversion rate of phyB. Dark reversion is the nonphotochemical
reversion of Pfr to the Pr form, and directly affects phyB-medi-
ated responses during the night period (Kretsch et al., 2000;
Sweere et al., 2001). If phosphorylation on Y104 destabilizes
Pfr, nuclear bodies may rapidly dissociate during dark periods.
To test this hypothesis, we expressed and purified phyB apopro-
tein, and reconstituted it with phycocyanobilin purified from
cyanobacteria. We then measured the spectrum of purified re-
combinant phyBY104E and compared it with that of phyBWT (Fig-
ure 6A; Elich and Chory, 1997; Oka et al., 2008). As reported
previously (Elich and Chory, 1997), phyB Pr had a peak at
650 nm, and the Pfr absorption maximum was blue-shiftedC(710 nm compared with 730 nm for phyA purified from plants).
After exposure to far-red light, both the mutant and WT spectra
had an absorption maximum around 650 nm, indicating that Pfr
had been efficiently converted to the Pr form of phyB (Figures 6B
and 6F). These samples were then treated with red light, which
should shift most of the protein to the Pfr form. This was
observed by a maximum around 710 nm (Figure 6B, R). We
showed photoreversibility by exposing the Pfr form of phyB to
far-red light, which caused a shift in the maximum absorbance
from 710 to 650 nm (Figure 6B, R to F).
To measure the dark reversion rates of the proteins, we
exposed both holoproteins to red light, converting the bulk of
phyB to its Pfr form. Afterward, they were kept in the dark for
10, 30, 60, or 180 min, and their spectra were measured (Fig-
ure 6B, R to D10, R to D30, R to D60, and R to D180). The
710 nm peaks of both phyBWT and phyBY104E gradually
decreased in the dark. To compare the ratios of the remaining
Pfr form between phyBWT and phyBY104E after 30-min-dark treat-
ments, we calculated the integral values between 701 nm and
720 nm (Figure 6C). We observed no significant differences
in this ratio between phyBWT and phyBY104E. In summary,
phyBY104E was able to convert to the Pfr form by red light and
to the Pr form by far-red light or by dark reversion with normal
efficiency. Together, these data suggest that phosphorylation
of Y104 does not affect the photochemistry of phyB in vitro.
It is possible that the phyBY104E mutant protein has acceler-
ated dark reversion rates in vivo. An indirect measure of dark
reversion is the accelerated growth in response to a singleell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authors 1975
end-of-day far-red light (EOD-FR) treatment, a response that is
mediated predominantly by phyB. We performed experiments
similar to those described by Elich and Chory (1997) and
measured the effects of EOD-FR treatment on WT, phyB-9,
and twophyB-9mutants transformedwith phyBY104E (Figure 6D).
Consistent with previous reports (Elich and Chory, 1997; Oka
et al., 2008), EOD-FR treatment effectively promoted hypocotyl
elongation of phyBWT and nonphospho mutant phyBY104F,
whereas phosphomimic mutants had a very small response in
plants. This suggests that Pfr may be the spectral form associ-
ated with nuclear bodies and that phyBY104E may have a very
short-lived Pfr in vivo.
Together, the molecular-genetic and biological studies
demonstrated that phyB has a phosphorylation cluster (the
PCSM motif) and that phyB phosphorylated on Y104 is an inac-
tive form of phyB that plays a role in regulating light signaling. A
model for tyrosine phosphorylation as an attenuation mecha-
nism for phyB signaling is shown in Figure S6. Because phyB
Y104 is phosphorylated in a light-dependent manner (Figure 3),
we speculate that the phosphotyrosine is required for reduction
of excess phytochrome activity during daytime regardless of the
photochemical states. This finding also provides new insight into
how phosphotyrosines regulate plant development.
DISCUSSION
Higher plant phytochromes aremembers of awidespread super-
family of biliprotein photosensors also found in cyanobacteria,
purple and nonphotosynthetic eubacteria, and fungi. Members
of the extended family of phytochrome proteins share common
N-terminal photosensory cores, with a highly conserved bilin-
binding GAF domain flanked by one or two GAF-related PAS
and PHY domains—domains that are present in other ligand-
regulated signaling molecules. Here, we identified an additional
small motif, the PCSM, that is phosphorylated on multiple amino
acids to negatively regulate phytochrome activity. Analysis of the
properties of a phosphomimic mutation of Y104 suggests that
phosphorylation of Y104 renders phyB incapable of signaling
through impaired interactions with its signaling partner, PIF3
(Leivar andQuail, 2011). Y104 is predicted to lie within alpha helix
1 in the Cph1 structure 2VEA. This places Y104 outside of the
bilin-binding knot, but quite close to the chromophore A ring.
In the Cph1 structure, alpha helix 1 is collinear with alpha helix
7 (the helix that lies underneath the chromophore), and D207 is
hypothesized to contact the Pfr chromophore. It is possible
that the alpha helix pair within the N-terminal domain represents
an interface for binding to PIFs. Phosphorylation would likely
disrupt this interaction, accounting for the loss of phyB activity
in the phosphomimic mutant. This is consistent with recent
studies in which it was reported that mutations in R110 and
G111, which are close to or overlap the PCSMmotif and are con-
tained within the light-sensing knot, are required for phyB’s inter-
action with PIFs (Kikis et al., 2009; Oka et al., 2008). Thus, the
PCSM is likely to be in the PIF-binding site.
The C-terminal regulatory domains of plant phytochromes
mediate homo- or heterodimerization and light-regulated
nuclear targeting, both of which are required for its signaling
activity. The C terminus of phytochromes shares identity with1976 Cell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authorsbacterial histidine kinases, and several studies have demon-
strated that recombinant phyA is actually an atypical serine/
threonine kinase whose autophosphorylation activity is stimu-
lated by red light (Yeh and Lagarias, 1998). However, the role
of phyA’s kinase in signaling remains unresolved.
The C terminus also contains sequences required for localiza-
tion to photobodies (Chen et al., 2005), although this region
appears to be quite large. The association of phyBY104E with
photobodies suggests that its C-terminal conformation is Pfr-
like; however, phyBY104E remains associated with photobodies
only if the plant is grown in continuous light. In light/dark cycles
(i.e., a normal day), phyBY104E is not found in photobodies; more-
over, it requires only 10 min of darkness before phyBY104E
becomes dissociated from photobodies. One possible explana-
tion for this observation is that phosphorylation of Y104 destabi-
lizes the Pfr form of phytochrome, making its association with
PIFs less stable. This property would be manifested as rapid
dark reversion.
Dark reversion is normally a slow process and does not
completely revert the Pfr form of phyB to Pr. For instance, Pfr
of Arabidopsis phyB decreases to 70%–80% after 30 min in
the dark, and achieves a steady state within 1 hr (Elich and
Chory, 1997; Kretsch et al., 2000; Oka et al., 2008; Sweere
et al., 2001). Using recombinant phyB reconstituted with chro-
mophore in vitro, we showed that the phosphomimic variants
of phyB mirrored the photochemistry of the WT holoprotein.
Although these results support the interpretation that phyBY104E
does not have a short-lived Pfr form, we could not rule out the
possibility that the dark reversion rates in vivo are faster than
those of the WT holoprotein. In support of the latter possibility,
we obtained indirect evidence that the Pfr form of phyBY104E is
less stable than the Pfr of phyBWT, which is in accordance with
recently published results obtained using a phosphomimic
mutant of S86 (Medzihradszky et al., 2013). The phosphomimic
mutant of S86 has accelerated dark reversion in vivo, which is
faster than that observed with purified and reconstituted phyB.
Because S86 is also present in the PCSM motif defined here,
we propose that phosphorylations in the PCSM motif promote
rapid dark reversion in planta. Rapid dark reversion may be
conferred upon phyB by an as yet unknown protein. Alterna-
tively, phosphorylation at Y104 may cause an inhibition of chro-
mophore attachment to the second apoprotein in the active
phytochrome dimer. The ‘‘dimer’’ is thus a heterodimer of Pr
and Pfr.
In addition to Y104, phosphorylation of S84,S86, T89-T91, and
S106 in the PCSM is involved in negatively regulating phyB
signaling. The strength of the phosphomimic alleles was
Y104 > S84S86 > T89-T91 > S106. Very recently, Medzihradszky
et al. (2013) showed that phosphorylation mutants at S86 have
properties very similar to those of the mutants described here
for Y104. We speculate that different effects derived from the
phosphorylation states of amino acids in the PCSM motif might
be important for rapid adaptations to specific environmental
conditions.
The difference between Y104 and S86 is the intensity of the
negative effect on light signaling. A phosphomimic mutant of
S86 was shown to partially impair phyB signaling (Medzih-
radszky et al., 2013). However, Y104E is completely defective
in transmitting the signal, indicating that phosphorylation of Y104
is a more rigid determinant of phytochrome activity. Moreover,
S86 is not conserved in all plant phytochromes (e.g., monocot
phytochromes). In contrast, Y104 is conserved in all phyto-
chromes, ranging from green algae all the way to the top of the
land plant lineage, suggesting that the phosphotyrosine-medi-
ated mechanism is common to all phytochromes.
The mass spectrometry analysis predicted several phosphor-
ylation sites outside of the PCSM motif, with S596, T601, S977,
and S1163 being the best candidate sites. These residues seem
to be constitutively phosphorylated in both dark and light condi-
tions. S596 is conserved in almost all phytochromes, including
bacterial phytochromes, whereas T601, S977, and S1163 are
not conserved. S596 is found in the consensus sequence of
a 14-3-3 binding site (mode-1, R/KXXpS/pTXP), which is
conserved in most phytochromes. To function as a 14-3-3 bind-
ing site, the fourth serine or threonine (S596 on phyB) usually
needs to be phosphorylated (Sehnke et al., 2002). Therefore,
the amino acids around position S596 may function as a 14-
3-3 binding site. These data suggest that phyB phosphorylation
can regulate signaling through multiple mechanisms.
Phosphorylation of tyrosine has been recognized as a key
regulatory event in many metazoan signaling pathways; how-
ever, canonical tyrosine kinases have not been predicted in
any plant genomes. A few early studies implicated phosphotyro-
sines in pathogen and light response, and developmental path-
ways (Barizza et al., 1999; Kameyama et al., 2000; Sommer
et al., 1996; Suzuki and Shinshi, 1995; Tong et al., 1996), but
follow-up studies have been lacking. In addition to the early
reports, a proteomics study identified a large-scale phosphory-
lation map in Arabidopsis (Sugiyama et al., 2008). Of note, the
ratio of phosphoserine and phosphothreonine to phosphotyro-
sine in Arabidopsis was similar to that in human cells. Because
the amino acids surrounding phosphotyrosines in Arabidopsis
are unique, it was suggested that plants use a different class of
tyrosine kinase (Sugiyama et al., 2008). A taxonomic study of
eukaryotic protein kinases revealed that the Arabidopsis
genome is predicted to have many putative tyrosine kinase-like
kinases (TKLs), which are uncommon in humans (Miranda-
Saavedra and Barton, 2007).
One of the best-studied cell-surface signaling pathways in
plants is the brassinosteroid signaling pathway (Kim and
Wang, 2010). Several recent studies have reported that both
auto- and transphosphorylations on tyrosines have a role in the
regulation of BR signaling (Jaillais et al., 2011; Kim et al., 2009;
Oh et al., 2009, 2010). The BR receptor, BRI1, and its coreceptor,
BAK1, are dual-specificity kinases that autophosphorylate both
serines/threonines and tyrosines (Oh et al., 2009, 2010), both
of which are essential for signaling. Moreover, BRI1 transphos-
phorylates BKI1 (BRI1-kinase inhibitor) on a tyrosine to regulate
its localization (Jaillais et al., 2011). Since BRI1 and BAK1 are
members of the largest class of receptor kinases known in
plants, it is reasonable to expect that tyrosine phosphorylation
is an important regulatory mechanism in plant cell biology. This
point is strengthened by our finding that phytochrome signaling,
which involves a totally distinct signaling mechanism, also
appears to utilize tyrosine phosphorylation to transmit the light
signal.CInactivation of phyB by phosphorylation should also be revers-
ible through the action of protein tyrosine phosphatases. Both
phyA and phyB interact with certain serine/threonine-specific
protein phosphatases (FyPPs, PAPP5, and PAPP2C) that
enhance phytochrome signaling through dephosphorylation of
phosphoserines in oat phyA (Kim et al., 2002; Phee et al.,
2008; Ryu et al., 2005). Serine/threonine protein phosphatases
do not share any sequence or structural similarity with tyro-
sine-specific protein phosphatases (Luan, 2003); as such, it is
unlikely that the known phytochrome-interacting protein phos-
phatases have activity on phyB Y104. The Arabidopsis genome
is predicted to encode bona fide tyrosine-specific protein phos-
phatases (PTPs) (Fordham-Skelton et al., 1999; Xu et al., 1998)
and dual-specificity protein phosphatases (DSPs) (Gupta et al.,
1998; 2002), which are potential candidates for phyB Y104 phos-
phatases. In addition, it is possible that phyB Y104 phosphoryla-
tion is irreversible.
The many layers of regulation of plant phytochromes under-
score their importance as an integrator of environmental and
developmental cues. Phytochrome activity is controlled at
multiple levels within plant cells. First, excitation by red light pho-
toconverts Pr to Pfr, which then moves within minutes to sub-
structures in the nucleus, called nuclear bodies. In the nucleus,
phytochrome interacts with members of a subfamily of bHLH
transcription factors, called PIFs, leading to the phosphorylation
of PIFs by an unknownmechanism. This phosphorylation of PIFs
by activated phytochrome often leads to their turnover or inacti-
vation. Our work, along with that of Medzihradszky et al. (2013),
now adds another layer of posttranslational modification: phos-
phorylation of key residues in the phytochrome itself, which
leads to attenuation of the phytochrome signal.
EXPERIMENTAL PROCEDURES
Detection of Phosphorylation Sites on phyB
Tomake anti-GFP affinity columns, the immunoglobulin G (IgG) fraction of GFP
antiserum was purified by an rProtein A FF column (GE Healthcare) and
coupled with an NHS-activated HP column (GE Healthcare) according to the
manufacturer’s instructions. Etiolated seedlings were grown for 4 days, and
half of them were exposed to white light for 6 hr. The seedlings were frozen
with liquid nitrogen and then ground with a mortar and pestle. The powdered
seedlings were suspended in extraction buffer A (50 mM sodium phosphate
buffer, pH 7.4, 150 mM NaCl, 0.1% CHAPS) containing protease inhibitor
cocktail (Sigma) and centrifuged at 15,000 3 g for 10 min. The supernatant
was filtrated by syringe filter with 0.45 mm of pore membrane (Life Sciences)
and subjected to GFP affinity columns using fast protein liquid chromatog-
raphy (GE Healthcare). The binding proteins were eluted by 0.1 M sodium cit-
rate, pH 2.5, and precipitated by 20% trichloroacetic acid. The precipitated
proteins were analyzed by mass spectrometry (described in Extended Exper-
imental Procedures).
Generating Transgenic Arabidopsis Expressing the PhosphoMutant
phyB
Construction of expression vectors is described in Extended Experimental
Procedures. Arabidopsis transformation to a phyB-9 null mutant was per-
formed according to the conventional dipping method (Clough and Bent,
1998), with Agrobacterium GV3101 strain harboring one of the expression
vectors. The protein levels of phyBs in transgenic seedlings were analyzed
by immunoblot with anti-GFP antibody and anti-phyB antibody, mBA2 (Shino-
mura et al., 1996). Based on the protein levels, two representative lines were
selected from each line, and the light sensitivity of the mutant phyBs was
analyzed.ell Reports 3, 1970–1979, June 27, 2013 ª2013 The Authors 1977
Detection of Phosphotyrosine by Anti-Phosphotyrosine Antibody
Seedlings of the phyBWT-YFP overexpressor, phyBY104F-YFP overexpressor,
and phyB-9 mutant were grown under the dark condition for 4 days. Half of
the seedlings were exposed to white light for 3 hr. phyB-YFP was purified by
GFP tag (Miltenyi Biotec) and analyzed by immunoblot using anti-phosphotyr-
osine 4G10 antibody (Millipore) and anti-GFP antibody. The band intensities
weremeasuredwith the use of ImageJ software. The band intensities obtained
with anti-phosphotyrosine were divided by those obtained with anti-GFP. For
comparison of each blot, all of the values were normalized by the value of
phyBWT-YFP from dark-grown seedlings. The graph was made from biological
triplicates.
In Vitro Pull-Down Assay
Expression vectors for the in vitro pull-down assay were constructed as
described in Extended Experimental Procedures. All proteins were expressed
by the TnT SP6 High-Yield Protein Expression System (Promega) as described
in the manufacturer’s protocol. GST beads (GE Healthcare) were prewashed
with binding buffer (50 mM sodium phosphate buffer pH 7.4, 150 mM NaCl,
0.5 mM EDTA, 1 mM dithiothreitol) and incubated with GST-PIF3 for 30 min
at 4C. The beads were washed three times with binding buffer. Expressed
phyB-FLAG and phyA-FLAG were reconstituted with purified phycocyanobilin
(final 10 mM) (Lagarias and Lagarias, 1989) and then mixed with GST-PIF3
bound on GST beads under 50 mE /m2/s of red light or 50 mE/m2/s of far-red
light for 1 hr with rotation. After incubation, the beads were washed four times
with binding buffer. The binding proteins were eluted by 23 sample buffer and
detected by immunoblot with anti-FLAG antibody (Sigma) and anti-GST anti-
body (Santa Cruz Biotechnology).
Spectral Measurements of Purified phyBWT and phyBY104E
Full-length complementary DNA fragments of PHYBWT and PHYBY104E were
amplified by PCR and subcloned into NdeI and KpnI sites on pTYB2
vector (New England Biolabs). Protein expression and purification were
performed with the IMPACT kit (New England Biolabs) according to the
manufacturer’s protocol. The expressed phyBs were reconstituted with
10 mM phycocyanobilin during the purification and concentrated by Amicon
Ultra-15 (Millipore). The purified phyBs were treated with suitable light condi-
tions and the spectra were measured with a spectrophotometer (DU 730;
Beckman Coulter).SUPPLEMENTAL INFORMATION
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